Abstract-Active Vibration Control (AVC) is well known nowadays as an optimum technique in vibration suppression of flexible structures. Due to the complexity of the dynamics system of flexible structures, vibration control process is quite a challenge. In this paper, the vibration control of flexible structures using Active Force Control (AFC) method is studied, experimentally. The AVC-AFC controller design is implemented to a full clamped flexible plate system to evaluate its vibration attenuation performance. The system's dynamic model considering the collocated placement of the sensor and actuator is derived within the LabVIEW environment. The first five frequencies of vibration mode were obtained. The result indicated that the AVC-AFC possessed the ability to attenuate vibration of the flexible structure.
INTRODUCTION
In the last two decades, the application of lightweight, strong and flexible structures in avionic and marine industries have increase incredibly. However, these flexible structures cannot expose to unwanted vibration as it will brings damage due to the stress produced. This will lead to instability, long time fatigue and under performance systems. Thus, controlling the unwanted vibration becomes priority to ensure good performance of the structure. Traditional passive vibration control cannot cope with this low frequency vibration due to its limitations such as lack of versatility, large size and weight, and de-tuning of tuned treatments. Therefore, Active Vibration Control (AVC) was introduced to cope with this problem.
The term of flexible structure is customarily used within the control engineering community to refer to a linear system with oscillatory properties that is characterized by a strong amplification of a harmonic signal for resonant frequencies [1] . A structure also considered as flexible structure that has its Eigen functions in low frequency around 20 Hz [2] . Amongst various types of flexible structures, thin plates are commonly used in mechanical structures and designs. Usually, plates can resist to static loads but the system become unstable when it's come to dynamic forces and random cyclic loads.
II. ACTIVE VIBRATION CONTROL (AVC)
The fundamental of the AVC was first introduced based on the well-known works of Lueg in the early 1930s on noise cancelation [3] . Lueg proposed that by using the theory of superposition, a sound signal might be cancel out by introducing an equal secondary sound signal 180 degree out of phase. Since then a considerable amount of research has been devoted to develop the methodologies for the design and realization of the Active Vibration Control systems for various applications. The recent advances in the area of AVC technologies undeniably thanks to the recent developments in the field of control, instrumentation, signal processing, and mechanical and electrical engineering.
There are many researchers working on the AVC area and develop various methods of AVC in order to find its applications in industries. Previously, Mat Darus and Tokhi developed and modelled an Active Vibration Control techniques based on soft computing methods for vibration suppression of twodimensional flexible plate structures [4] . This involved using genetic algorithms, neural networks and neuro-fuzzy within the framework of adaptive active control. The simulation results revealed that soft computing-based active vibration control was success in a reduction of vibration. The active vibration control procedure based on the researches done by Mat Darus and Tokhi together with embedded intelligent active force control (AFC) strategy pioneered by Hewit and Burdess is employed to effectively reduce the level of vibration at special location of a two-dimensional structure including a thin plate [5] .
Then, Keir et al. implemented the active vibration control techniques on built-up structures which represent a ship hull [6] . The research investigated structure-borne vibration transmission in resonant on the structure. Using feed forward active control, the control performance for both dependent and independent control force arrangements were compared. In the study, multiple actuator control forces and multiple error sensors were used to actively control the frequency response.
Tavakolpour then developed a mechatronic design of intelligent Active Vibration Control (AVC) systems for flexible structures through simulation using finite difference (FD) model [7] . The validity of the obtained model was then verified through an experimental study. Three novel intelligent control schemes for vibration reduction of the flexible structure including iterative learning (IL) control with collocated actuator-sensor, intelligent active force control (AFC) with collocated actuator-sensor and genetic algorithm (GA)-based AVC with noncollocated actuator-sensor, were proposed and then implemented.
III. ACTIVE FORCE CONTROL (AFC) METHOD
Active Force Control (AFC) is a well known strategy for eliminating the disturbances affecting the dynamical systems. The efficiency of Active Force Control as an outstanding disturbance elimination scheme has been recorded by Hewit and Burdess [5] . In Active Force Control, it has been shown that the system subjecting to a number of disturbances remains stable and robust via the compensating action of the AFC control strategy [8] . Hewit also presented a successful AFC method for obtaining fast coordinated control of robot and manipulator arms which have transmission elements with significant flexibility [9] .
Sabzehmeidani et al. modelled and simulated a pneumatic worm-like micro robot with Active Force Control (AFC) capability in a constrained environment (pipe) [10] . A proportionalintegral-derivative (PID) controller was applied to the micro robot system to follow the desired trajectory while an AFC controller was utilized to reject the unwanted disturbances which may be created due to frictional forces or fluid viscosity in the pipe.
A. AFC Controller Scheme
The controller then been design in LabVIEW environment by follow the schematic loop as Figure 1 . [7] In Figure 1, V a , G a , F d , F a , F, a act , M and F * d are the voltage supply to the actuator, transfer function of the actuator, disturbing force, actuating force, total force acting on dynamic system, actual acceleration, estimated mass of dynamic system and estimated disturbance respectively. The unknown disturbance F d at instant t can be estimated using Newton's second law of motion and based on the knowledge about the real mass value, M act of the dynamic system as:
Thus, the unknown disturbance F d can be calculated as:
From Eq. (3.2), it is obvious that if one can find the estimated mass (M) of the dynamic system appropriately and the acceleration and force signal are measured accurately, it is possible to calculate the real value of unknown disturbance Fd irrespective of its characteristics. The acceleration signal can be measured with a good accuracy using an accelerometer.
Consequently, the estimated disturbance (F* d) can be found by substituting the estimated mass value (M) into Eq. (3.2) as:
According to Figure 3 .1 the input force to the dynamic system (F) at instant t can be calculated as follows:
Thus, if one wants to have the force cancelation (F = 0), the following criteria must be fulfilled:
This is the case which has been considered in the AFC loop for AVC represented in Figure 1 .
For a very small value of sampling time, dt, the actuator voltage Va(t) can be approximately calculated as (see Figure 1) :
The actuator force F a (t -dt) may be estimated indirectly using the applied voltage to the actuator and the actuator transfer function as:
Substituting Eq. (3.7) into Eq. (3.6), the actuator voltage V a at time instant t can be computed:
Therefore, the actuator force F a at time instant t can be expressed as:
The main concern in the Active Force Control scheme is regarding the estimation of mass, M of the dynamic system to ensure correct estimation of total force, F. The mass, M is a virtual mass that represent mass of the dynamic system. There are several methods were done in order to find correct value of the mass matrix such as genetic algorithm, iterative learning algorithm, fuzzy logic and etc. The study is using heuristic method to estimate the mass matrix, M of the flexible system. An assumption was made in the study that transfer function, G a of actuator is unity.
B. Experimental Setup
The study of the flexible plate vibration required instrumentation and experimental setup as Figure 2 . In this study, collocation of sensor and actuator was implemented. Thus, accelerometer was place at the opposite side of piezoelectric patch actuator at the same flexible plate (see Figure 3) . Point G 1 and point H is excitation point and observation point respectively. Various types of disturbance forces can be manipulate by function generator including sinusoidal, square and step input signal. Then, acceleration of the flexible plate will be collect by accelerometer and supply to analogue to digital converter (ADC) in LabVIEW through data acquisition.
As a result, voltage produced after the input was compute in LabView environment. The opposite voltage signal then will be supplied to digital to analogue converter (DAC). That will convert the voltage into actuator force, F a when the piezoelectric patch is switch on to attenuate the vibration of the flexible plate. Table I list the parameters of the studied plate. Poisson's ratio, ȣ 0.30
C. Piezoelectric Actuator
In this experimental study, a unimorph P-876 A-15 DuraAct by PI piezoelectric patch transducer was chosen to attenuate the disturbance vibration force from the plate [12] . Table II shows the mechanical properties of the piezoelectric patch used. The transducer contracted when voltage is applied to create counter force. Figure 4 shows lateral contraction of piezoelectric patch as voltage supplied. 
IV. RESULTS
The results to estimate the mass matrix, M of the dynamic system for the flexible plate are obtained by using heuristic method. Figure 6 describe the condition of the flexible without any disturbance force acting on it. When the disturbance force, F d produced by electromagnetic shaker acting onto the plate system, the initial state was changed as shows in Figure 7 . Figure 8 shows the frequency response graph without and with AFC controller for the flexible plate studied. The first five resonant frequencies and total plate energy reduction was identified then tabulated in Table III . The first resonance frequency of 20 Hz sinusoidal force was selected to vibrate the flexible plate in the study. Then, the propose AVC-AFC controller was implemented to the plate system in order to evaluate its vibration reduction performance. The result shows in Figure 9 . Control (AFC) possessed the ability to attenuate the unwanted vibration of flexible plate studied. The major part of the AVC-AFC controller scheme proposed was regarding the estimation of mass matrix of the system to ensure correct estimation of counter force/ secondary force subjected to the plate system.
